We report the case of an infant who presented at birth with a hypoplastic phallus associated with hypospadias. Low testosterone production, normal serum levels of steroid precursors, and increased LH in response to LH-releasing hormone supported a defect in Leydig cell differentiation or function. Conventional microscopic study of the testes showed fibroblastic cells in the interstitium. However, immunocytochemical analysis using anti-LH receptor and anti-P450c17 antibodies demonstrated that about one third of these cells were Leydig cells or precursors of Leydig cells. No histological feature could distinguish the latter cells from fibroblasts. A homozygous substitution of cysteine 133 for arginine was found in the extracellular domain of the receptor. This is the first naturally occurring missense mutation found in the extracellular domain of the LH receptor. COS-7 cells transfected with the mutant receptor exhibited a marked impairment of hCG binding, whereas some cAMP production could be observed at high hCG concentrations. We propose that the partial impairment of LH receptor function, as reflected by the presence of Leydig cells, was responsible for the incomplete male pseudohermaphroditism observed in our patient. (J Clin Endocrinol Metab 82: 2159 -2165, 1997) I N MEN, the LH/CG receptor plays a central role in the establishment and maintenance of Leydig cell-specific functions, in the differentiation of internal and external genitalia, and in the development of puberty and fertility (reviews in Refs. 1-3).
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The LH/CG receptor belongs to a particular subgroup of G protein-coupled receptors that also includes the FSH and TSH receptors (reviews in Refs. 4 -7) . They contain a seventransmembrane domain characteristic of G protein-coupled receptors. These receptors also display a large extracellular domain that is involved in high affinity hormone binding.
The cloning of the complementary DNAs (cDNAs) (8 -14) and the genes (15) (16) (17) corresponding to these receptors has opened the field to the study of genetic alterations of these receptors. Two different types of receptor dysfunctions have been described. Germ-line activating mutations of the LH receptor gene were found in precocious puberty in boys (18 -21) . Loss of function mutations of the LH receptor have been reported recently in familial cases of male pseudohermaphroditism (22) (23) (24) (25) along with primary amenorrhea in women (24) . The initial reports described XY patients with complete feminization who underwent investigations for primary amenorhea and who were found to have Leydig cell agenesis or hypoplasia (22, 23) . Loss of function mutations of the LH receptor were also found in a boy with isolated micropenis (24) and an infant presenting with micropenis associated with hypospadias (25) .
In the past, various degrees of male pseudohermaphroditism had been attributed to Leydig cell hypoplasia or agenesis and gonadotropin unresponsiveness (26 -37) . The lack of molecular knowledge of the LH receptor and of adequate specific antibodies has prevented precise study and classification of these disorders.
We describe here the case of an XY infant who was sexually ambiguous at birth, with hypoplastic phallus and hypospadias. Classical histological studies of the testes revealed an apparent absence of Leydig cells. However, immunocytochemical studies of the gonads with anti-LH receptor and anti-P450c17 antibodies detected cells with Leydig cell characteristics.
All missense mutations described to date were found in the transmembrane domain of the receptor, which corresponds to an intron-less region of the gene. The recent cloning of the entire human LH receptor gene (16) allowed us to sequence the 11 exons of the patient's gene. Indeed, a homozygous mutation yielding a Cys 131 Arg substitution in the extracellular domain of the receptor was detected in the fifth exon. This mutation markedly impaired hormone binding, whereas very limited adenylate cyclase stimulation could be obtained at high hCG concentrations.
The immunocytochemical method used in the present work will be useful to study other cases of possible Leydig cell hypoplasia or agenesis. This will eventually allow the determination of a correlation between receptor molecular defects and the severity of the alterations in Leydig cell development and differentiation.
Subjects and Methods
The study was approved by the institutional review boards of the respective institutions, and appropriate informed consent was obtained from the parents and siblings of the patient.
Patient
The patient was born at term (weight, 2680 g; height, 48 cm; head circumference, 33 cm). His phallus was 5 mm long, with the urethral meatus at its base (Fig. 1) . Two small gonads were found inguinally. The karyotype was XY. The cystourethrogram revealed a small utriculovaginal pouch. At 11 days of age, basal serum testosterone was 0.05 ng/mL before and after hCG stimulation. The serum LH response to LH-releasing hormone (LHRH) ranged from less than 0.5 to 2.5 mIU/mL (normal, 0.3-7), and the FSH response ranged from less than 0.5 to 1.8 mIU/mL (normal, 0.3-4). The serum level of anti-Mullerian hormone was 89 ng/mL (normal, 43 Ϯ 14 ng/mL). Serum concentrations of 17-hydroxyprogesterone (0.3 ng/mL), ⌬ 4 -androstenedione (Ͻ0.05 ng/ mL), dehydroepiandrosterone (0.04 ng/mL), and estradiol (15 pg/mL) were normal. The serum dihydrotestosterone level was less than 0.05 ng/mL. Female gender was assigned.
At 2.5 months of age, the child presented with a mild delay in psychomotor development. The serum concentration of testosterone was 0.04 ng/mL. Stimulation with 500 U hCG/day for 7 days failed to clearly increase serum testosterone levels (0.1 ng/mL) or 17-hydroxyprogesterone (0.7 mg/mL) concentrations. The LH response to LHRH ranged from less than 0.5 to 6.7 mIU/mL, and FSH response ranged from 1.3-6.6 mIU/mL. Serum dehydroepiandrosterone (0.6 ng/mL) and ⌬ 4 -androstenedione (0.1 ng/mL) levels were normal and did not increase in response to hCG. At 3 months of age, the patient had recurrent seizures and was treated with Gardenal and later with Depakine.
At 12 months of age, the child was rehospitalized for castration. The serum testosterone level was 0.09 ng/mL. He was microcephalic (41 cm; Ϫ4 sd) and had major psychomotor delay, with axial hypotonia and peripheral hypertonia. During his stay, he presented severe repeated seizures. Nuclear magnetic resonance imaging revealed a major symmetrical atrophia of the brain and cerebellum, with generalized pachygyria. These features suggested defective antenatal central nervous system development. Hemoglobin was 9.1 g/dL, with anisocytosis and anisochromia. Because of the ambiguous genitalia, major psychomotor delay, and anemia in an XY patient, a diagnosis of X-linked mental retardation with ␣ thalassemia syndrome (38) was first considered, but the absence of ␣-thalassemia ruled it out. Castration was performed after hCG administration (six doses of 1500 U) starting 15 days and ending 2 days before surgery. Two testes were found with normal epididymis and vas deferens.
Antibodies
Monoclonal antibody LHR 29 raised against the human LH receptor (39) (LH receptor amino acids 75-406 fused to ubiquitin produced in Escherichia coli) was used. The specificity of the antibody had been verified by its reaction with receptor-␤-galactosidase fusion protein and its ability to immunoprecipitate and immunopurify [ An antibody raised in rabbits against 17-20 lyase (P450c17; a gift from Dr. S. Takemori), which was specific for androgen-producing cells, was also employed to identify testicular interstitial Leydig cells (40) .
Conventional microscopy
Testicular tissue was formol fixed and paraffin embedded, then cut at 3 m thickness and stained with hematoxylin-eosin, periodic acidSchiff, and Masson's trichrome stains.
Immunohistochemical study of the gonad
Six-micron thick serial frozen sections of testicular tissue were airdried for 30 min at room temperature and fixed in Ϫ20 C acetone for 5 min. The sections were then processed for immunohistochemistry as described previously (39) . The monoclonal antibody LHR 29 was used at a concentration of 10 g/mL, and the anti-P450c17 antibody (41) was diluted 1:10,000. Aminoethylcarbazole (Sigma Chemical Co., St. Louis, MO) was used as a chromogen. The sections were lightly counterstained with Meyer's hematoxylin. Replacement of the specific primary monoclonal antibody with preimmune mouse Igs (Sigma Chemical Co.) or with another unrelated monoclonal antibody (IDA 10) (42) of the same subclass, used at the same concentrations, resulted in the absence of staining. The same result was obtained when the polyclonal antiP450c17 antibody was replaced by preimmune rabbit serum at the same dilution. 
DNA sequencing
Genomic DNA was isolated from peripheral blood samples of the patient, the parents, and the siblings. The DNA was used as a template for PCR amplification of the 11 exons of the human LH receptor gene as previously described (16) with the following modifications. The annealing temperature for PCR amplification of exons 3-10 and for primers GhLHR 21 and 22 (16) was 56 C. Primer GhLHR 17 was changed to AATAAAAAGCATTTCTCCCCTTT. Direct sequencing of the PCR products was performed using the Taq dideoxyterminator cycle sequencing kit (Applied Biosystems, Foster City, CA).
Construction of expression vectors encoding the control and mutated LH receptor
The wild-type human LH receptor expression vector (pSG5-hLHR) was constructed by cloning the human LH receptor cDNA (nucleotides Ϫ3 to 2374 relative to the translation start site) into the EcoRI site of pSG5 expression vector. The Cys 131 Arg substitution was engineered in pSG5-hLHR. Two primers were used, primer A (AAATACTTGAGCATCCG-TAACACAGG-CATC) and the reverse corresponding primer B. A HindIII-XmnI fragment of 360 bp containing this mutation was constructed in two pieces. The first fragment was obtained by PCR using oligonucleotide B and a 5Ј-CGACTATCACTTGCCTACCTC-CC primer C corresponding to positions 163-185 of the human LH receptor cDNAcoding sequence. The second fragment was obtained using oligonucleotides A and a 3Ј-primer D (CATCCCTTGAAAAGCATTTC-CTGG) corresponding to positions 499 -522 of the human LH receptor cDNA coding sequence. After digestion with HindIII and XmnI, the purified fragment was ligated to the purified PSG5-hLHR vector partially digested with XmnI and HindIII. The construct was verified by double stranded sequencing.
Study of hCG binding to wild-type and mutated receptors
COS-7 cells were transfected as previously described (8) . Forty-eight hours later, intact cells were incubated for 3 h at 37 C with [
125 I]hCG (2 ϫ 10 5 cpm) and increasing concentrations of unlabeled hCG as previously described (8, 43) . Nonspecific binding was determined (and subtracted from total binding) in samples containing an excess (1 g/mL) of unlabeled hCG. All experiments were performed three times in duplicate. In all experiments, the transfection efficiency was verified by cotransfecting pRSV-␤-galactosidase (RSV ϭ Rous sarcoma virus) and measuring ␤-galactosidase activity in the cells.
cAMP assays
cAMP assays were performed as previously described (8) after a 2-h incubation of transfected cells at 37 C with variable amounts of hCG.
Results

Histological and immunocytochemical studies of the gonads
Conventional histological examination of the testes after hematoxylin-eosin staining revealed a testicular structure with a thick albuginea and the presence of normal seminiferous tubules grouped in lobules. The tubules lacked a central lumen and were composed of numerous Sertoli cells and rare spermatogonia. Some fibroblastic cells were seen in the interstitium. No cells were observed that displayed the characteristics of Leydig cells, i.e. a polygonal or round shape, round nuclei, and abundant cytoplasm including lipid droplets ( Fig. 2A) .
After immunohistochemical staining of frozen sections, about one third of the interstitial cells appeared to be labeled with the anti-LH receptor (Fig. 2B) and with the anti-P450c17 antibodies (Fig. 2D) . The number of LH receptor-expressing cells and that of P450c17-expressing cells counted at high magnification on contiguous sections were equivalent. More cells were labeled by both antibodies at the periphery of the organs, near the capsule, than in the central portions. Thus, the Leydig cells or the Leydig cell precursors observed in the interstitium could only be distinguished from the other cells by immunocytochemistry.
For obvious ethical reasons we could not compare this pattern with that of normal testes taken from a boy of the same age. However, we show for comparison immunostaining for P450c17 of the hCG-primed testes of a 1-yr-old boy with a defect of 17␤-hydroxysteroid dehydrogenase. In the latter case the interstitium was filled with Leydig cells (Fig.  2D) .
Sequencing of the LH receptor gene
Sequencing of the complete human LH/CG receptor gene in the patient revealed a T3 C homozygous substitution in the fifth exon of the gene. This mutation yielded a Cys 131 Arg substitution in the extracellular domain of the receptor. Both parents as well as two phenotypically normal sisters were heterozygous for this mutation. A brother with normal sexual development was homozygous for the wild-type sequence (Fig. 3) . Another homozygous G3 A transversion yielding a Ser 312 Asn substitution was found in the patient. This substitution is located in the seventh exon of the gene at the end of the extracellular domain of the receptor. However, asparagine is found in the corresponding position of the porcine LH receptor (8) , and thus, this substitution probably represents an allelic variation.
Hormone binding to wild-type and mutated LH/CG receptors
The Cys 131 Arg mutation was engineered in vitro in an expression vector. The wild-type and mutant LH receptors were transiently transfected in COS-7 cells.
Cells were incubated with [ 125 I]hCG and increasing concentrations of unlabeled hormone. Cells transfected with the wild-type LH receptor cDNA bound labeled hCG with high affinity. In contrast, very weak hCG binding was found in the cells transfected with the Cys 131 Arg LH receptor mutant, about 5% of the wild-type receptor (Fig. 4) . The same result was obtained in two independent experiments.
Hormone-induced adenylate cyclase stimulation by the mutated receptor
COS-7 cells were transfected with expression vectors encoding the wild-type or mutated receptors. The cells were incubated with increasing concentrations (1-1000 ng) of hCG, and the resulting cAMP accumulation was measured.
As expected, the biological activity of the mutant receptor, deficient in hormone binding, was markedly impaired (Fig.  5) . However, at high concentrations of hCG, a limited stimulation of adenylate cyclase was observed.
Discussion
Hypospadias, associated or not with micropenis, is among the most frequent abnormalities of male sexual development, being observed in 1-8 infants/1000 live male births (44) . Defects in the androgen receptor are known to cause hypo-spadias as well as defects in testosterone synthesis (reviews in Refs. 44 and 45) .
In the case reported here, the low testosterone levels before and after hCG administration, associated with increased LH response to LHRH and normal serum concentrations of precursor hormones, strongly suggested a selective defect of Leydig cell development and/or function.
After classical histology failed to detect Leydig cells in the hCG-primed testes of the patient, immunocytochemistry with anti-LH receptor and anti-P450c17 antibodies was performed. The latter method revealed the presence of rare Leydig cells in the interstitium of the tubules. Leydig cell differentiation is a multistep process (reviews in Refs. 1 and 3) . Undifferentiated mesenchymal cells initially acquire the steroidogenic machinery by an unknown mechanism. The expression of the LH receptor gene starts simultaneously or even earlier, and seems to be constitutive. Functional LH-or hCG-dependent maturation of the Leydig cells follows, associated with a morphological differentiation and increased steroidogenesis.
In the human, there are three waves of Leydig cells development. At the end of the first year of life, very few Leydig cells with morphological features of undifferentiated precursor cells are present in the testes (review in Ref. 1). The growth and differentiation of these cells after birth are under LH or hCG control. Indeed, treatment with hCG resulted in an effluorescence of Leydig cells in the interstitium of the tubules in an age-matched infant presenting with a testosterone biosynthetic defect.
In our patient, the strong hCG stimulation performed before castration may have allowed some growth and differentiation of Leydig cells. For ethical reasons, we could not obtain a normal gonad as a control. However, this stimulation could not increase serum testosterone secretion. This may be related to the low number of Leydig cells and/or to the absence of a complete functional differentiation of Leydig cells.
Our study indicates the necessity to study the sequence of the entire LH receptor gene-coding region to detect all pertinent mutations. Two homozygous substitutions were found. The Ser 312 Asn substitution corresponds to an allelic variation. The Cys 131 Arg substitution detected in the extracellular domain of the receptor dramatically impaired hormone binding in vitro, whereas some stimulation of adenylate cyclase could be observed at high concentrations of hCG. Cysteine 131 may be critical for the establishment of a ligand binding conformation. The role, in hormone binding, of cysteine residues present in the extracellular domain and the extracellular loops of the rat LH receptor has recently been investigated (46) . In addition, the mutation of this cysteine may impair the correct folding and membrane targeting of the receptor.
There was no phenotypic expression of the mutation in the heterozygous parents and siblings. This observation further confirms the recessive character of loss of function mutations of the LH receptor.
The first reported phenotype of loss of function mutations of the LH receptor (22) (23) (24) (25) corresponded to complete male pseudohermaphroditism. Homozygous mutations were detected in the sixth transmembrane span (Ala 593 Pro) (22) or in the third intracellular loop (introducing a stop at codon 554) (24) of the LH receptor. A heterozygous mutation (introducing a stop at codon 545) in the fifth transmembrane span (23) was also detected in another patient who was a compound heterozygote (the normal father had the same mutation). The mutation of the other allele could not be detected because complete sequencing of the LH receptor gene could not be performed. In all of these cases, conventional histology of the gonads showed either the absence of Leydig cells (23, 24) or the presence of a few immature Leydig cells (22) .
Two other phenotypes associated with loss of function mutations of the LH receptor were recently described. The first one was a 6-yr-old boy who presented with a small penis (length of the phallus, 1.5 cm; Ϫ2 sd). No histological examination of the gonad was performed. A homozygous Ser 616 Tyr substitution was found in the seventh transmembrane span of the LH receptor. This mutation was found to completely suppress hormone binding and cyclase stimulation (24) .
The second case was a 2-to 3-yr-old infant who had a 2-cm long phallus associated with hypospadias. The patient was a compound heterozygote. He had a deletion of exon 8 on one allele of the LH receptor gene together with a Ser 616 Tyr substitution in the seventh transmembrane span of the receptor. The deletion of exon 8 abolished hormone binding. The substitution of Ser 616 was found to impair, but not to abolish, hormone binding and cyclase stimulation (25) . This substitution involved, however, the same residue found to be mutated in the case reported by the group of Chrousos (24) . Classical histology of the testes revealed the absence of Leydig cells.
Our case is characterized by the diagnosis at birth of ambiguous genitalia with a hypoplastic phallus associated with hypospadias. Partial masculinization of the external genitalia suggests that some production and biological action of testosterone had occurred to fuse the labioscrotal folds during the first trimester of pregnancy (47) . This suggestion is consistent with the ability of the mutated receptor to induce some adenylate cyclase activity when stimulated by high concentrations of hCG in vitro. Testosterone production was apparently not sufficient in our patient to allow the normal increase in penis size during the second and third trimesters of pregnancy (48) when the concentrations of maternal and fetal serum hCG decrease (49) . Pituitary LH secretion is low and starts only in the 10th and 11th weeks of gestation (1) . As cryptorchidism and maldescended testes are often observed in congenital hypopituitarism as a consequence of gonadotropin deficiency (46) , it is possible that the alteration of LH receptor function in our patient may have similarly impaired testes migration to the scrotum.
In more than 70% of patients with male pseudohermaphroditism the cause remains unexplained (50) . Various phenotypes have been found to be associated with abnormalities of Leydig cell function (26 -37) . The use of immunocytochemistry should lead to a more precise classification of the different phenotypes. Indeed, study of the expression of the LH receptor and steroidogenic enzymes will allow detection of the presence of Leydig cells. In some cases, it may lead to molecular study of the LH receptor. It may also allow the establishment of a correlation between molecular defects of the receptor and abnormalities of Leydig cell development and differentiation. Finally, immunocytochemical and molecular studies will help to determine whether all cases of Leydig cell hypoplasia or agenesis are due to mutations of LH receptor coding or regulatory regions, or if other, yet unidentified, factors are also involved. 
